Abstract-The equations which describe the dynamic performance 3) Capacitor-start of unsymmetrical 2-phase induction machines are established, and 4) Capacitor-start-capacitor-run.
tions. Computer representations of several single-phase machines In the simulation of the split-phase and capacitor-start including the split-phase, the capacitor-start, and the capacitor-types of motors, provisions are made for stator switching start-capacitor-run types of induction motors are developed by during the acceleration period. Also, a method of simulatextension and modification of the unsymmetrical 2-phase machine representation. In these simulations, provisions are made for stator ing an opening and reclosing of a stator phase iS given switching during the starting period.
and used to demonstrate the effects of opening and re-
The results of a computer study which demonstrates the free-closing the main winding of a single-phase induction 2) The rotor coils or bars are arranged so that, for any duction machines which enable the engineer to investigate fixed time, the rotor mmf waves can be considered as space operating conditions which may be prohibitive to ana-sinusoids having the same number of poles as the correlyze or impractical to duplicate experimentally have been sponding stator mmf wave. shown to be of practical importance [2] , [3] , [5] . Although
3) The air gap is uniform.
different methods of simulating symmetrical induction 4) The magnetic circuit is linear [6] [7] [8] [9] [10] . machines are set forth in these references, analog com- In some applications, all four assumptions may not be puter simulations which may be used to study the tran-valid and it may be necessary to account for important sient performance of single-phase or unsymmetrical induc-features such as saturation or the harmonic content of the tion machines have not been given.
mmf waves. However, in many applications these idealizIn order to apply the analog computer to advantage in ing assumptions, which are usually made for symmetrical this area, it is desirable to develop a computer representa-and unsymmetrical induction machines, offer a convenient tion which can easily simulate several types of single-phase and sufficiently accurate means of predicting the transient iinduction machines. The theory of operation of the un-and steady-state characteristics of induction machines symmetrical 2-phase induction machine is applicable to a [4] , [9] , [10] . The idealized machine is particularly useful wide variety of single-phase induction machines. There-in predicting the effects of the dynamic characteristics of fore, the equivalent circuit and the computer representa-an induction machine upon the overall response of a systion of the unsymmetrical 2-phase induction machine will tem in which it is incorporated. be developed and then modified and extended to describe
The equations which describe the transient and steadythe dynamic performance of various types of single-phase state performance of an idealized unsymmetrical 2-phase induction machines. In )articular, equivalent circuits and machine can be established by considering the elementary computer re)resentations are developed and computer re-2-pole machine shown in Fig. 1 . Although it is unnecessary sults are giveni for the followinig types of motors:
at this point in the development to consider specifically the 1) Single-phase stator winding single-phase application of this type of machine, the nota-2) Split-phase tion commonly used for single-phase induction motors will be employed where practicable. [1] , [6] , [7] . duction motor, it is unnecessary to affix such designiations The equations obtaiined by such a transformation can then at this time. The stator windings are unsymmetrical; the be modified to give the equations which describe the bewindings have an unequal resistance and an unequal num-havior of the symmetrical induction machine in any speber of turns. The resistance anid the effective number of cific reference frame. turns of the m winding are denoted as rim and Nm, respecIf either the stator or the rotor of a machine is unsymtively. In the case of the a winding, rna and Na denote the metrical, time-varying coefficients will appear in the voltresistanice and the effective number of turns. The rotor age equations in all reference frames except the one fixed windings are in quadrature and are identical; that is, the in the machitne where the asymmetry exists. Therefore 
With the sinusoidally distributed windings portrayed as These equations of transformation can be correlated to single equivalent coils, the mutual coupling between an the angular relation of the axes shown in Fig. 2 . It is e(luivalent stator coil and an equivalent rotor coil can be arbitrarily assumed that, at time 0, the rn, ar, and q axes expressed as a sitnusoidal function of the anigular displace-Coincide. The In the development of induction machine equivalent Na circuits, it is customary to refer all quantities to the stator /Na\2 windings. If the machine is symmetrical, the quantities na=\N2J r 2 )
can be referred to either stator winding by the same turns ratio. In the case of the unsymmetrical 2-phase machine, La= (Na') L2 (41) however, the stator windings do not have the same N/ number of effective turns. Although in some inlstances it where L22 iS the rotor leakage inductanlce. Also, it canl be may be desirable to refer all quantities to one of tbe stator shownl that windings, in this development, theuantities will be referred to the m winding and the d quantities will be re-LM= (NQ'L\2 (4) ferred to the a winding. This is a matter of preference and \Nm/(4) Vlds~~~~~~~PM =Xd 4'dr'(7 where P is the number of poles. 
2-PHASE INDUCTION MACHINE
In these equations, X, is the rotor speed in electrical radians It is convenient to develop the computer representa-per second. tion of the unsymmetrical 2-phase induction machine and Although the currents can also be eliminated from the then modify this representation to simulate various types torque expression, it is generally desirable to observe the of single-phase applications. The computer equations four currents. Therefore, it is convenient to obtain the which can be used to simulate the unsymmetrical machine instantaneous torque by using are obtained by first solving (28) through (31) for the cur- Fig. 4 . If, for exr4a1nf.;nn,A;nQ.f+cy"al -y--1nro; ample, the current id, (-1/a) iS zero, then (57) becomes relationships of the appliedl stator voltages. Moreover, ifape h urn i a)i eo hn(7 eoe transformation equations (11) and (12) are implemented Md=Xda* 'kr(1 for the rotor-applied voltages, the simulation may be used Ad=X Ar(1 to study the characteristics of a doubly fed unsymmetrical 2-phase induction machine. Saturation will not be con-where sidered in this development. However, the important 1 effects of a nonlinear magnetic circuit may be incorporated Xda* = (2 into the computer simulation by direct extension and by (1/XMa) + (1/X,a). ( order to obtain counterclockwise rotation of the rotor (see motor the rotor windings are short circuited; thus, where vm is the actual source voltage which, in this case, is Vds -V m (80) applied to the main winding and the series combination where vm is the actual source voltage which, in this case, of the capacitor and the auxiliary winding.
is applied to both the main and auxiliary windings.
It is clear that the capacitor is incorporated directly into If the auxiliary winding is disconnected after the ma-the simulation [(86) ] and, of course, can be varied without chine has reached 60 to 80 percent of synchronous speed, regard to transformation equations. The methods which the switching can be simulated by one of the methods pre-have been outlined can be used to simulate the disconviously outlined. Table I gives data about the maP~~~~~chine which was simulated. The computer representation of an unsymmetrical 2- Table II gives the equivalent series resistance and rephase induction motor having a capacitor connected in actance for a capacitor-start-capacitor-run operation. All series with the a winding is obtained by incorporating (8f6) resistances and reactances are expressed in ohms. The with the equations for the unsymmetrical 2-phase induc-steady-state performance of this particular motor is tion machine. In the case of a capacitor-start induction considered in [9] and [10] . given for capacitor-start operation; the characteristics given in Fig. 9 Figure 10 shows the torque vs. speed characteristics for free acceleration from the stall of the capacitor-start induction motor. In this case, the auxiliary wiiiding was disconnected at the first current-zero after the machine had -4 l reached 75 percent of synchronous speed. Fig. 11 (a) shows the torque vs. time; Fig. 11 (b) shows the speed vs. time;
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